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Variation in efficiency of DNA mismatch repair
at different sites in the yeast genome
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Evolutionary studies have suggested that mutation rates vary
significantly at different positions in the eukaryotic genome. The
mechanism that is responsible for this context-dependence of
mutation rates is not understood. We demonstrate experimentally
that frameshift mutation rates in yeast microsatellites depend on
the genomic context and that this variation primarily reflects the
context-dependence of the efficiency of DNA mismatch repair. We
measured the stability of a 16.5-repeat polyGT tract by using a
reporter gene (URA3-GT) in which the microsatellite was inserted
in-frame into the yeast URA3 gene. We constructed 10 isogenic
yeast strains with the reporter gene at different locations in the
genome. Rates of frameshift mutations that abolished the correct
reading frame of this gene were determined by fluctuation anal-
ysis. A 16-fold difference was found among these strains. We made
mismatch-repair-deficient (msh2) derivatives of six of the strains.
Mutation rates were elevated for all of these strains, but the
differences in rates among the strains were substantially reduced.
The simplest interpretation of this result is that the efficiency of
DNA mismatch repair varies in different regions of the genome,
perhaps reflecting some aspect of chromosome structure.
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Comparisons of amino acid or base sequences of orthologous
genes indicate that different genes evolve at different rates
(1). Differences in the rates of accumulation of amino acid
changes or nonsynonymous base substitutions are influenced by
selective constraints (1). For highly expressed genes, the rate of
synonymous base substitutions is affected by GC content and
codon bias (2, 3). In Saccharomyces cerevisiae and mammalian
cells, the rates of synonymous substitutions also vary by a factor
of ~10, depending on the position of the gene in the genome
(4-6). The interpretation of these observations is unclear. It is
possible that the misincorporation rates of the replicative DNA
polymerases are different at different positions in the genome.
Alternatively, the fidelity of DNA polymerases may be invariant,
but the detection and repair of misincorporation events may be
context-specific.

Microsatellites are regions of DNA in which a single base or
a small number of bases is repeated in tandem. The polyGT
sequence is a particularly common microsatellite in many eu-
karyotes (7). We have developed (8, 9) methods of measuring the
rate of microsatellite alterations. In this study, we used this assay
to measure the mutation rates of the same polyGT microsatellite
placed in 10 different chromosomal contexts in the yeast ge-
nome. We show that the microsatellite mutation rates vary by
more than an order of magnitude among different genomic
positions in yeast strains that have wild-type DNA mismatch
repair. We have demonstrated (8) that the mutation rates of
microsatellites are greatly elevated in yeast strains with deficient
mismatch repair. In this study, we find that microsatellite
instability is substantially elevated in all contexts examined;
however, the relative differences between sites are reduced. This
result demonstrates that different genomic regions have differ-
ent efficiencies of DNA mismatch repair.

www.pnas.org/cgi/doi/10.1073/pnas.0503415102

Materials and Methods

Strain Constructions. All strains were derived from the haploid
MS71 (« ade5-1 his7-2 trpl-289 ura3-52) by transformation.
S48, which contains a complete deletion of the ura3-52 allele,
was generated by transforming MS71 with a PCR fragment
resulting from amplifying the plasmid pA632 (containing a gene
conferring resistance to hygromycin) (10), with the following
primers: URA3-F, 5'-TCTTAACCCAACTGCACAGAA-
CAAAAACCTGCAGGAAACGAAGATAAATCCGTA-
GCGTGCAGGTCGAC-3'; and URA3-R, 5'-GCTCTAAT-
TTGTGAGTTTAGTATACATGCATTTACTTATAATACA-
GTTTTATCGATGAATTCGAGCTCG-3'. In the hygromy-
cin-resistant transformants, the HYG gene replaces the URA3
sequence. The strains with insertions of the URA3-GT reporter
(which confers wild-type URA3 activity) were constructed by
transforming LS48 with PCR fragments generated by amplifi-
cation of sequences derived from plasmid pMBW1 (see Fig. 1),
which contains the URA3-GT fusion gene (9). Each primer was
~75 bases in length, with the 5’ 45-55 bases representing yeast
genome sequences flanking the insertion (Stanford University
Saccharomyces Genome Database, http://genome-www.
stanford.edu) and the 3’ bases representing sequences of
pMBWI1 flanking the URA3-GT fusion gene. The sequence at
the 3’ end of the primers was either 5'-CTCGAGCGCTGAT-
TAAATTACCCCAG-3’ (located upstream of the fusion
gene) or 5'-GGATCCAATAACTGATATAAT-3" (located
downstream). The positions of the insertions in the genome
were as follows: 74,422-74,423 on III (ARS306-I1::URA3-GT
and ARS306-O::URA3-GT), 210,606-210,696 on VI
(sup6A::URA3-GT), 57,148-57,149 on II (SRO9::URA3-GT),
114,597-114,598 on 111 (CEN3::URA3-GT), 152,212-152,213 on V
(CEN5::URA3-GT), 151,045-151,046 on XII (CEN12::URA3-GT),
946,305-946,395 on IV (sup2A::URA3-GT), 4,850-4,851 on
IIT (YCLWomega2::URA3-GT), and 1,170-1,171 on III
(ARS300::URA3-GT). The LS48 strain was transformed with the
resulting fragments, selecting for Ura™ transformants in galactose-
containing medium, and the positions of the insertions were
confirmed by PCR. We confirmed that the lengths of the micro-
satellite sequences in each strain were identical by measuring the
sizes of PCR fragments using capillary electrophoresis with an
Applied Biosystems Genetic Analyzer. Strains with a null allele of
msh2 (msh2::kanMX) were constructed by transformation using the
described PCR primers and plasmid substrate (11).

Determination of Microsatellite Mutation Rates. For the assay of
microsatellite instability, each strain with the URA3-GT reporter
gene was grown on solid rich growth medium with 2% galactose
(9). Dilutions of 20-50 individual colonies were plated on SG
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Fig. 1. Construction of yeast strains with the URA3-GT reporter gene in
different chromosome contexts. The plasmid pMBW 1 (9) contains a frameshift
reporter gene (URA3-GT). This fusion gene has small segments derived from
the yeast LYS2 and HIS4 genes, and most of the sequence of the yeast URA3
gene. There is an in-frame insertion (33 bp) of polyGT sequences near the
beginning of the gene, and transcription of the gene is controlled by the
galactose-inducible GAL7,70 promoter. The DNA fragments used for trans-
formation were generated by PCR amplification of pMBW 1 using primers that
had homology to the sequences flanking the URA3-GT gene at their 3’ ends
(=20 bp) and homology to chromosomal DNA sequences at their 5’ ends.
These fragments were transformed into the haploid yeast strain LS48 (deleted
for URA3), and Ura* transformants were selected in galactose-containing
medium.

(synthetic galactose) complete medium (to measure the number
of cells per colony) or SG plus 5-fluoroorotic acid (5-FOA; to
measure the frequency of Ura™ derivatives). Rate estimates and
95% confidence limits for these estimates were calculated by
using the method of the median, as described (9). Statistical tests
of correlations between rates and other factors (such as GC
content) were done by using the INSTAT program.

Measurement of Microsatellite Lengths. DNA was isolated from
independent 5-FOAR colonies, and PCR was performed by
using primers with the following sequences that flank the
microsatellite tract: 5'-CCAACGTGGTCATTTAATGAGC-3’
and 5 HEX-GCTTGAACTCGTCTAATTTG-3'. The HEX
tag (Synthegen, Houston) allows the PCR product to be detected
by fluorescence. The sizes of the PCR fragments were measured
by using capillary electrophoresis on the Applied Biosystems 310
Genetic Analyzer (for details, see ref. 12).

Results

We constructed 10 isogenic yeast strains with a URA3-GT
reporter gene (see Fig. 1) including 16.5 in-frame GT-repeats (33
bp) at different locations in the genome. The locations of these
constructs in the different strains were as follows: near the
centromeres of three different chromosomes (CEN3::URA3-GT,
CENS5::URA3-GT, and CENI12::URA3-GT), near a DNA
replication origin ARS306 (ARS306-1::URA3-GT and
ARS306-0O::URA3-GT at the same point of insertion but with
opposite orientations of URA3-GT), near the telomere of chro-
mosome III [ARS300::URA3-GT (1 kb from the telomere) and
YCLWomega2::URA3-GT (5 kb from the telomere)], at the
positions of tyrosine-tRNA genes (sup2A::URA3-GT and
sup6A::URA3-GT), and near the middle of the left arm of
chromosome III (SRO9::URA3-GT). All insertions were in in-
tergenic regions, with the exception of the SUP2 and SUP6
insertions, in which the reporter gene replaced the coding
sequence of the tRNA genes. The exact positions of the inser-
tions are given in Materials and Methods.

Because the URA3-GT reporter has an in-frame microsatellite
insertion, the strains were Ura™; such strains are sensitive to 5-FOA.
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Fig. 2. Context-dependent rates of microsatellite instability in wild-type
(MMR™) and msh2 mutant (MMR") yeast strains. White bars show the rates
derived from MMR™ cells, and gray bars show the rates for the isogenic MMR ™
strain; 6 of the 10 strains had an isogenic msh2 derivative. (Absence of a gray
barindicatesthatan msh2 derivative was not analyzed.) Error barsindicate the
95% confidence limits on the mutation rates.

Thus, we could select derivatives of the starting strain that had an
alteration in the microsatellite that resulted in loss of the correct
reading frame (for example, an insertion or deletion of one repeat)
by plating the cells on medium containing 5-FOA. For each of the
10 strains, we measured the frequency of 5-FOA-resistant deriva-
tives in ~20 independent cultures. These frequencies were con-
verted to rates based on a fluctuation analysis. The rates (X 10~ per
division) and 95% confidence limits (shown in parentheses) for
each mismatch repair (MMR)- proficient (MMR™) strain were
as follows: 1.3 (1-1.9), ARS300::URA3-GT; 1.7 (1.3-2.2),
YCLWomega2::URA3-GT; 1.7 (1.4-2.0), CEN12::URA3-GT;
2.4 (2-3.3), sup2A::URA3-GT; 3.2 (2.8-3.5), SRO9::URA3-GT;
3.6 (2.9-3.9), ARS306-1::URA3-GT; 3.9 (2.8-4.5),
ARS306-O::URA3-GT; 5.4 (4.4-6.7), CEN5:URA3-GT; 6.9
(5.6-7.8), CEN3::URA3-GT; and 21 (17-25), sup6A::URA3-GT.

A graphical summary of the rate measurements is shown in
Fig. 2 (white bars). The rates varied between 1.3 X 107> per
generation (ARS300::URA3-GT) to 21 X 1075 per generation
(sup6A::URA3-GT), a 16-fold difference. The two strains with
telomeric insertions had the lowest rates of mutation, although
these rates were not significantly different from the strains with
the reporters at CENI2 and SUP2. We chose to examine
insertions at the SUP2 and SUP6 loci because Ito-Harashima et
al. (5) had shown previously that the SUP2 and SUP6 tRNA
genes mutated to become ochre suppressors at 20-fold-different
frequencies, SUP6 having the higher frequency. In our strains, in
which URA3-GT replaced SUP2 or SUP6, we found that the
sup6A::URA3-GT strain had a 9-fold higher mutation rate than
the sup2A::URA3-GT strain.

To determine the nature of the microsatellite alterations, we
measured the sizes of the microsatellites in independent 5-FOA-
resistant derivatives of each strain by PCR and capillary elec-
trophoresis. As expected from previous studies in yeast (13), we
found that most of the 5-FOA-resistant derivatives had a tract
that was one repeat larger or smaller than the original 33-bp tract
(Table 1). There was a ~2-fold bias for insertions compared with
deletions, as observed previously, although this bias was stronger
for one of the strains (CEN12::URA3-GT). In approximately half
of the 5-FOA-resistant derivatives of the strain with the
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Table 1. Spectra of mutations observed in 5-FOA-resistant
derivatives of the strains with the URA3-GT reporter gene
(in bp)

Strain —4 -2 0 +2 +4 Other

MMR™*
ARS300::URA3-GT 0 4 1 5 0 0
YCLWomega2::URA3-GT 0 7 0 25 0 (—16)
CEN12::URA3-GT 0 1 1 36 1 (+16)
sup2A::URA3-GT 0 8 0 28 1 (=7, -7)
SRO9::URA3-GT 0 8 0 32 0 0
ARS306-I::URA3-GT 1 16 1 22 0 0
ARS306-O::URA3-GT 1 13 0 25 0 0
CEN5::URA3-GT 0 8 0 32 0 0
CEN3::URA3-GT 0 25 0 32 0 (-8, +14)
sup6A::URA3-GT 0 16 1 23 0 0

MMR~
CEN12::URA-GT 0 19 0 20 0 0
sup2A::URA3-GT 0 16 0 23 1 0
SRO9::URA3-GT 3 22 0 13 0 0
ARS306-0::URA3-GT 0 25 0 13 0 0
CEN3::URA3-GT 1 25 0 13 0 0
sup6A::URA3-GT 0 26 0 13 1 0

ARS300::URA3-GT insertion, the URA3-GT reporter gene was
lost. This loss is probably the result of a gene conversion event
between the reporter gene at ARS300 with other subtelomeric
regions, because the ARS300 sequence is part of the subtelo-
meric X element that is represented at all of the yeast telomeres
(14). This class of events was not included in the calculations of
the microsatellite mutation rates shown in Fig. 2.

The Msh2 protein is required for DNA mismatch repair in
yeast (15). Yeast strains that lack Msh2p have greatly increased
rates of microsatellite mutations (8). We made msh2 derivatives
of six of the strains described above (CENI12::URA3-GT,
CEN3::URA3-GT, sup2A::URA3-GT, sup6A::URA3-GT,
ARS306-0::URA3-GT, and SRO9::URA3-GT). The rates of mi-
crosatellite alterations (X103 per division) and 95% confidence
limits for each MMR™ strain were as follows: 1.3 (1.1-1.4),
CENI12::URA3-GT; 1.4 (1.2-1.8), sup2A::URA3-GT; 1.4 (1-1.6),
SRO9::URA3-GT; 1.1 (0.9-1.5), ARS306-O::URA3-GT; 1.5 (1-
1.6), CEN3::URA3-GT; and 2.1 (1.6-2.7), sup6A::URA3-GT.
These data are shown graphically as gray bars in Fig. 2. Although,
as expected, the mutation rates for all of the microsatellites were
substantially elevated in the MMR™ strains, the differences
among the mutation rates at different genomic sites were
substantially reduced compared with the differences observed in
the MMR™ strains. [Note that the scales on the y axes for the
MMR "~ (right axis) and MMR™ (left axis) strains are different.]
These results indicate that the context-dependence of mutation
rates observed in wild-type strains reflects primarily the context-
dependence of DNA mismatch repair rather than variation in the
rates of replication errors.

We also examined the spectra of microsatellite alterations in
the MMR ™ strains (Table 1). In contrast to the spectra observed
in the MMR™ strains, in which additions of a single repeat are
more common than deletions of a single repeat, most of the
MMR~ strains had no bias or the opposite bias.

Discussion

These results provide direct experimental evidence for context-
specific differences in the rates of frameshift mutations in
microsatellite sequences. The loss or gain of repeats within
microsatellites is likely to represent DNA polymerase slippage
events (13). By this model (Fig. 3), during replication of a
repetitive tract of DNA, the primer and template DNA strands
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Fig. 3. Alterations in the length of a microsatellite by DNA polymerase
slippage. Replication of a poly GT/CA tract that is seven repeats in length is
shown. Aslippage event in which the displaced repeat is on the primer strand,
if uncorrected, will result in a tract that is eight repeats in length in the polyGT
strand. Alternatively, a displaced repeat on the template strand results in
six-repeat poly GT strand.

temporarily dissociate and then reassociate out of alignment,
leading to looping out of one or more repeats of the duplex (16).
If the displaced repeat is on the primer strand, failure to correct
this intermediate would result in an addition; if the displaced
repeat is on the template strand, the resulting intermediate
would result in a deletion.

In wild-type cells, it is thought that most of the resulting
mismatches are corrected by the cellular DNA mismatch repair
system. In support of this argument, cells that lack DNA
mismatch repair have dramatically (>100-fold) elevated rates of
microsatellite instability (8). As described above, for the 16.5
repeat polyGT tract in wild-type strains, additions are more
common than deletions, whereas in the MMR ™ strains, approx-
imately equal numbers of the two types of changes are observed.
The simplest interpretation of this result, which has also been
observed previously (13), is that DNA polymerase slippage
results in equal numbers of mismatches in which the displaced
repeats are located on the primer and template strands. The bias
observed in the wild-type strain in favor of additions over
deletions argues that the mismatches with a displaced repeat on
the template strand are a better substrate for mismatch repair
than those with a displaced repeat on the primer strand (13).

The context-dependence differences in microsatellite stability
in wild-type strains could reflect context-dependence of the rate
of polymerase slippage events, the efficiency of correction of
mismatches by the cellular repair systems, or both factors. If the
context-dependence of microsatellite stability primarily reflects
context-dependence of mismatch correction, the differences
among sites in mutation rates should be lost in cells with
mutations that eliminate DNA mismatch repair. We find that the
context-dependence of mutation rates is reduced from the
16-fold observed in wild-type strains to 2-fold. Thus, we conclude
that much of the context-dependence of mutation rates reflects
the relative efficiencies of DNA mismatch repair at the different
sites. The comparison of mutation rates in the MMR™ and
MMR™ strains allows calculation of the efficiency of repair at
the various sites to be as follows: 99% (CENI12::URA3-GT),
98% (sup2A::URA3-GT), 98% (SRO9::URA3-GT), 96%
(ARS306-0::URA3-GT), 95% (CEN3::URA3-GT), and 90%
(sup6A::URA3-GT). However, it is likely that the efficiency of
DNA mismatch repair is not the sole determinant of context-
dependent effects on mutation rates, because the differences in
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microsatellite stability for some strains (for example,
CENI12::URA3-GT and sup6A::URA3-GT) are still statistically
significant, even in the msh2 background. Also, differences in
mutation rates that are likely to be related to the site of insertion
of the microsatellite have been observed in mismatch-repair-
defective mammalian cells (17).

There is an alternative explanation for the observation that the
context-dependence of microsatellite instability rates is higher in
wild-type strains than in msh2 strains. It is possible that some
DNA polymerase slippage events occur at a time in the cell cycle
(for example, outside of the S period) in which DNA mismatch
repair is not active. This hypothesis would be consistent with our
data if the frequency of this type of event is rare relative to DNA
polymerase slippage events that occur during the S period (which
are efficiently corrected in wild-type, but not msh2, strains) and
the frequency of these events varies among different regions of
the genome. This hypothesis requires the existence of a class of
DNA polymerase slippage events that has not been reported.

DNA mismatch repair in eukaryotes is a complex process
involving multiple steps (18-20). First, the mismatch is bound by
a heterodimer of MutS homologues, either Msh2p/Msh6p (for
base—base mismatches and one or two base loops) or Msh2p/
Msh3p (for loops of 2-14 bp). This binding triggers an ATP-
dependent conformational change that results in the recruitment
of a MutL heterodimer (Mlhlp/Pmslp). The resulting ternary
complex translocates along the DNA until a DNA nick [possibly
bound by proliferating cell nuclear antigen (PCNA)] is encoun-
tered. The exonuclease Exolp is recruited to the complex,
resulting in excision of the nicked strand. This process (perhaps
requiring multiple rounds of excision) eventually results in
removal of the mismatch. The resulting single-stranded gap is
filled in by DNA polymerase.

Although the efficiency of mismatch repair could be altered by
affecting any of these steps described above, we suggest that the
most likely steps to be affected are DNA mismatch recognition
and DNA mismatch excision. For example, different regions of
the chromosome may allow mismatch recognition to occur
relatively efficiently or inefficiently. Marsischky and Kolodner
(21) showed that the binding of the Msh2p-Msh6p complex to
mismatches was affected by sequence context. Although these
effects were local (=18 bp from the mismatch), these studies do
not preclude sequence context effects that can act at longer
distances from the mismatch.

Alternatively, in different regions of the genome, the average
distance between the mismatch and the nick that directs strand-
specific removal could vary. Because the efficiency of mismatch
repair is reduced as the distance between the mismatch and the
nick is increased (21), this property could affect mutation rates.
Pavlov et al. (22) showed that the efficiency of repair of an
8-oxoguanine-A mismatch was higher when the mismatch was on
the lagging strand of the replication fork than when it was on the
leading strand. This conclusion was based primarily on two
observations. First, the reversion rate of a mutation (revertible
by a C-to-A transversion) in an oggl strain (deficient in the
removal of 8-oxoguanine) depended on the orientation of the
reporter gene with respect to the replication origin. Second,
the rate differences observed for the two orientations were
substantially reduced by mutations eliminating mismatch repair.
The authors suggested that repair was more efficient on the
lagging strand because the mismatches were closer to the nicks
directing repair. Because we find that the orientation of the
reporter relative to the replication origin does not have a
significant effect on the rates of instability (comparison of the
rates for AR306-1::URA3-GT and ARS306-O::URA3-GT), our
results are not explained by this model unless additional condi-
tions are operative. For example, it is possible that DNA
polymerase slippage events occur more frequently on the lagging
strand, which could balance the effect of more efficient DNA
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mismatch repair; however, even if this condition were met, it
would not explain the variation in rates of instability of the
reporter genes located at different genomic positions in our
study.

Although we cannot determine which step of mismatch repair is
affected by chromosomal context, we examined several chromo-
some properties including DNA replication, transcription, base
composition, and chromatin structure. There does not appear to be
a simple relationship between the efficiency of DNA mismatch
repair and DNA replication. We compared the positions of the
inserted reporter genes with the positions of active replication
origins, as established by Raghuraman et al. (23). The four strains
with insertions near active ARS elements (ARS306-1::URA3-GT,
ARS306-O::URA3-GT, CEN3::URA3-GT, and CEN12::URA3-GT)
had quite different rates of microsatellite instability; therefore, the
position of the mismatch with respect to the replication origin does
not appear to be important in determining the efficiency of the
repair event. The expected times of replication (minutes from the
beginning of the S period), based on the data of Raghuraman
et al. (23) for the different insertions are as follows:
12 (ARS306-1::URA3-GT and ARS306-O::URA3-GT), 17
(sup6A::URA3-GT), 18 (SRO9::URA3-GT), 20 (CEN3::URA3-GT
and CEN5::URA3-GT), 23 (CENI12::URA3-GT), 36
(sup2A::URA3-GT), 39 (YCLWomega2::URA3-GT), and 40
(ARS300::URA3-GT). We found no significant correlation be-
tween timing of replication and mutation rates (P = 0.27),
although the two insertions with the lowest mutation rates were
replicated latest in the S period.

In yeast, high rates of transcription result in elevated rates of
mutation (9, 24). Because the URA3-GT reporter is expressed
from the same strong promoter (GAL1,10) at all positions of the
insertion, transcription is unlikely to be relevant to the effects
observed in our experiments. Our results also suggest that similar
context-dependent effects on mutations rates occur for both
RNA polymerase III- and II-transcribed genes (tRNA genes and
URA3-GT, respectively).

It has been argued that chromosomal regions of high G+C
content may represent regions with relatively efficient DNA
mismatch repair, because mismatch repair in yeast and mammals
has a bias leading to increased G+C content (25, 26). Conse-
quently, we looked for a correlation between mutation rates and
the G+C content of the sequences in 1-, 5-, and 20-kb “windows”
flanking the insertions. No significant correlations were found
(P > 0.4 for all comparisons).

We suggest that the context-dependence of DNA mismatch
repair efficiency is likely to reflect some aspect of chromatin
structure that affects the recognition of the DNA mismatch,
although other possibilities are not excluded. It is possible that
MMR efficiency is a reflection of general chromatin “openness”
(often associated with histone hyperacetylation and hypomethy-
lation). Alternatively, the efficiency of repair could be affected
by some particular pattern of histone modifications or the
binding of nonhistone proteins. Given the plethora of such
modifications and such proteins, it is likely to be a challenge to
determine the mechanistic basis of these effects. Regardless of
the details of the mechanisms, our results demonstrate that the
DNA mismatch repair system operates with different efficiencies
in different regions of the yeast genome, and that these differ-
ences influence mutation rates. These findings substantiate the
hypothesis that differences in rates of evolution among genes
result partly from variations in mutation rates in different
genomic regions (4-6).
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